Abstract. Between June and September large amounts of biomass burning aerosol are released into the 15 atmosphere from agricultural fires in Central and southern Africa. Recent studies have suggested that this plume is carried westward over the Atlantic Ocean at altitudes between 2 and 4 km and then northward with the monsoon flow at low levels to increase the atmospheric aerosol load over coastal cities in southern West Africa (SWA), thereby exacerbating air pollution problems. However, the processes by which these fire emissions are However, there is a tendency for the model to produce too much clouds and rainfall over the Gulf of Guinea.
clouds. Halland et al. (2009) showed substantial vertical transport of tropospheric CO by deep mesoscale convective systems and assessed the ability of the satellite borne Tropospheric Emission Spectrometer to detect 90 the resulting enhanced CO in the upper atmosphere.
This study will use simulations with the COSMO (consortium for small-scale modelling) model (Baldauf et al., 2011) online coupled with Aerosol and Reactive Trace gases (ART, Vogel et al., 2009 ) to investigate cloudinduced transports of biomass burning aerosols from mid-level tropospheric layers into the PBL over the Gulf of Guinea and SWA. A one-month simulation for July 2016 (i.e. during the DACCIWA field campaign) over a 95 larger domain will be evaluated with available observational datasets and combined with a detailed highresolution case study, followed by idealized tracer experiments designed to quantify the vertical transport. The paper is organized as follows. Section 2 describes the satellite and re-analysis data as well as the model framework and simulation set up used for this study. The model evaluation is presented in section 3. In section 4 the cloud venting process and its contribution to the vertical mixing of the biomass burning plume are assessed 100 and discussed. Analysis of an artificial tracer to quantify the mass fraction of the biomass burning plume that mixes down into the PBL is given in section 5. The last section presents a summary of the results and conclusions.
Data and Modelling
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Observational Data
The following data from space-borne platforms and reanalysis are used for this study:
1. The Moderate Resolution Imaging Spectroradiometer (MODIS) is a key instrument on board the EOS Terra satellites. The instrument views the entire Earth's surface every one to two days acquiring data in 36 spectral bands ranging in wavelengths from 0.4 µm to 14.4 µm. The MODIS product for cloud properties we use is 110 MOD08_E3 (Platnick et al., 2017) . Amongst others it contains 1x1 degree grid averaged values of cloud fraction averaged over the month of July 2016.
2. Measurement of Pollution in the Troposphere satellite (MOPITT) is used to derive CO volume mixing ratios.
MOPITT measurements are performed in eight nadir-viewing spectral channels using a gas correlation spectroscopy technique with a horizontal resolution of 22x22 km 2 (Clerbaux et al., 2008) . A detailed description of the instrument and measurement technique can be found in Drummond and Mand, 1996; Pan et al., 1998; Edwards et al., 1999) . The data are available at different height levels from the surface to 150 hPa. Global coverage is reached after 3 to 4 days.
To represent standard meteorological fields, monthly mean ERA-Interim reanalysis data from the European
Centre for Medium-Range Weather Forecasts (ECMWF) are used for this study (Dee et al., 2011) . Resolution Radiometer (AVHRR) satellite data from the Pathfinder AVHRR SST dataset (Stowe et al., 2002) .
The Global Precipitation Measurement Integrated Multi-satellite Retrievals (GPM-IMERG) product from
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National Aeronautics and Space Administration (NASA) is used for rainfall evaluation. It uses an algorithm that merges precipitation radar, microwave precipitation estimates, microwave-calibrated infrared, and rain gauge analyses at a spatial resolution of 0.1° over the latitudinal belt 60°N-60°S. The product has a time resolution of 30 minutes (Hou et al., 2014; Huffman et al., 2018) .
All observational data (satellites and reanalysis data) are collocated with respect to time and space for the 130 comparison with the model results.
Modelling
For the simulations performed in this study, the numerical weather prediction model of the Consortium for small-scale modelling (COSMO; Baldauf et al., 2011) online coupled with Aerosol and Reactive Trace gases (ART) is used (Vogel et al., 2009) . COSMO-ART allows the treatment of aerosol dynamics, atmospheric 135 chemistry, and the feedback with radiation and cloud microphysics (Vogel et al., 2009; Knote et al., 2011; Bangert et al., 2012; Athanasopoulou et al., 2013) . A 1 D-plume rise model of biomass burning aerosols and gases in COSMO-ART calculates online the injection height of the biomass pollution plume and the emission strength of gases and particles (Walter et al., 2016) . The parameterization scheme uses data obtained from the Global Fire Assimilation System ( GFAS v1.2; Kaiser et al., 2012) , in particular MODIS satellite data 140 of the fire radiative power. Anthropogenic emissions are taken from the Emission Database for Global Atmospheric Research Hemispheric Transport of Air Pollution version 2 (EDGAR HTAP_v2) dataset (Edgar, 2011) for 2010 with a 0.1° horizontal resolution. In addition, the recently developed gas flaring emission parameterization for SWA by Deetz and Vogel (2016) was used that is based on a combination of remote sensing observations and physically based combustion equations. Biogenic emissions, sea salt, dimethyl sulfide,
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and mineral dust are calculated online within the model system. Meteorological initial and boundary conditions are taken from the operational global ICOsahedral Non-hydrostatic (ICON) model (Zängl et al., 2015) runs of the German Weather Service (DWD). Initial and boundary conditions for gaseous and particulate compounds are derived from Model for Ozone and Related Chemical Tracers (MOZART) forecasts (Emmons et al., 2009 ).
To cover a large domain including the fire areas in Central Africa on the one hand and to reach a high horizontal atmospheric transport processes. The interaction between gas phase chemistry, aerosol dynamics and the meteorology is neglected. We set a constant profile of 1 ppmv at the height where the maximum concentration of the biomass burning plume is observed (i.e. 2-4 km) and 0 below and above that layer. Figure 2a shows a July 2016 average of the wind speed and streamlines at 925 hPa as simulated by COSMO-
Model evaluation
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ART. Figure 2b shows the corresponding figure for the ERA-Interim re-analysis. The wind is southeasterly in the southern hemisphere and turns southwesterly along the Guinea Coast after crossing the equator. This lowlevel monsoon flow advects relatively cool and moist air from the Gulf of Guinea onto the continent. In July the precipitation maximum is located around 10°N (e.g. Janicot et al., 2008) , and westerlies penetrate far north into the continent and over the adjacent Atlantic Ocean. Apart from a slightly northward shifted turning point,
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COSMO-ART agrees well with ERA-Interim in terms of the overall structure of the low-level flow field. 
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The wind field at 700 hPa is characterized by a broad easterly flow across most of the considered domain (Figs.
2c and d). A maximum is found over the Sahel known as the African Easterly Jet (AEJ), which typically peaks around 600 hPa (Parker et al., 2005) and is the result of the large meridional temperature gradient at low levels (Cook, 1999; Wu et al., 2009 ). The AEJ is well represented in COSMO-ART with a maximum wind speed of COSMO-ART also displays more fine structure in the southern hemisphere, where winds are overall weaker.
Despite the differences between COSMO-ART and ERA-Interim discussed above, we anticipate an overall 200 realistic transport of biomass burning aerosol in the model, i.e. westward away from the hotspots in Central Africa out to the Atlantic and then northward into SWA with the monsoon flow, if downward mixing occurs.
The simulated total cloud fraction averaged over July 2016 ( Fig. 3a ) is compared to observations from MODIS ( Fig. 3b) . SWA is very cloudy in summer with typical values ranging from 70% to almost 100% in agreement with multi-year values presented in Hill et al. (2016) . The cloud cover is overall adequately represented by
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COSMO-ART over land, particularly relative to the poor performance of many coarser-resolution climate models (Hannak et al., 2017) . Cloud cover maxima stretch from southwestern Ghana to northeastern Ivory Coast, along the Atakora chain at the border of Ghana and Togo, and over the Guinea Highlands of Liberia and Sierra Leone with satisfactory agreement between the two datasets. Towards the Sahel cloud fraction decreases markedly in COSMO-ART but much less so in MODIS, which has a rather prominent minimum over central
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Ivory Coast. Cloud cover is clearly overestimated by the model over the Gulf of Guinea with two local minima upwind of Abidjan and Accra, which may be related to coastal upwelling and are hard to verify with MODIS due to the coarser resolution. This suggests a potential overestimation of cloud venting over the ocean in the model.
Figure 3. Monthly mean total cloud fraction for July 2016 over domain D2 as simulated with COSMO-ART (a) and observed by MODIS (b).
Finally, the modelled mixing ratio of surface CO is evaluated with satellite data for July 2016. Figure 4 displays the monthly mean of the modelled spatial distribution together with the CO fields observed by MOPITT.
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Overall the spatial patterns of CO concentration are reasonably captured by the model. Some areas have too frequent cloud contamination and do not allow the computation of a representative monthly mean (white shading in Fig. 4b ). Over Central Africa widespread burning is evident with a larger magnitude and spatial extent in the model as compared to satellite. From there a plume of enhanced concentrations stretches northwestward in both datasets, but again fields in COSMO-ART are somewhat larger and therefore reach more 225 remote parts of the Atlantic Ocean. This also supports a potential overestimation of the important of pollution from Central Africa into SWA in the model. In addition, COSMO-ART simulates marked pollution plumes over Nigeria associated with Lagos, the oil fields in the Niger Delta (flaring activities), and the population center around the Sahelian city of Kano, which are hard to verify due to clouds. Emissions from other large cities (e.g.
Accra, Kumasi, Abidjan) appear relatively weak in COSMO-ART. This may be at least partly due to 230 uncertainties in standard emission inventories (Liousse et al., 2014) . Despite some overall discrepancies, we argue that the two fields are similar enough to draw conclusions on the importance of cloud-mixing process in the model, particularly because the fields are relatively similar over the ocean. 
Case study of cloud venting
In section 3 we presented simulated monthly mean conditions. We will now focus on a case study for 02 July 2016 to illustrate the impact of meteorology on the spatial and temporal distribution of CO. We will especially 240 focus on the role of convective clouds on the vertical distribution of CO.
Simulated temperature distribution
The spatial distribution of simulated 2m temperature is displayed in 
3-1°W (C), and 1°W-1°E (D).
Spatial distribution of clouds and rainfall
Satellite retrieved images from EUMETSAT on 02 July 2016 show widespread clouds over SWA and the adjacent ocean, with convective cells located over the Gulf of Guinea south of Ivory Coast at 12 UTC (Fig. 6b ).
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They produce rain rates of several mm h -1 in the course of the afternoon according to GPM-IMERG (Fig. 6d) .
the cells over the ocean developed near the border between Ivory Coast and Ghana in the morning hours and propagated slowly westward in the course of the day (not shown). They form despite anomalously cold coastal waters but may have benefitted from substantially warmer SST along the equator (see Fig. 3 in Knippertz et al., 2017) . Mostly moderate precipitation is also observed over land, in central Ghana, around Kumasi as well as The whole area is dominated by clouds ( Fig. 6a ) with moderate gaps around Lake Volta and over the ocean upwind of Ghana and Ivory Coast. There is reasonable qualitative agreement between the model and observations (Fig. 6b) Fig. 1 Fig. 8 is marked with dashed lines. Figure 7 presents the simulated spatial distribution of the CO concentration for 02 July 2016, 12 UTC at 500m
Figure 6. Spatial distribution of clouds and rainfall over domain D2 (see
) on 02 July 2016. (a) Total cloud fraction simulated by COSMO-ART at 12 UTC. (b) Spinning Enhanced Visible and InfraRed Imager (SEVIRI) cloud visible image from EUMETSAT at 12 UTC (from NAScube http://nascube.univ-lille1.fr). (c) Precipitation rate simulated by COSMO-ART at 18 UTC and (d) corresponding fields from the GPM-IMERG
rainfall estimates. The position of the zonal cross-section in
Simulated and observed spatial distribution of CO
and roughly 3 km above the surface. At 500 m (Fig. 7a) there is a stark concentration difference between land
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and ocean with thick pollution plumes over the biomass burning areas in Central Africa (Barbosa et al., 1999; Mari et al, 2008; Zuidema et al., 2016) and over Nigeria. The urban plumes from coastal cities such as Abidjan, Cotonou, Lomé, and Lagos are also visible. These results come from the high anthropogenic emissions used in our study, which have maxima over Nigeria and the big cities along the coast. The simulated hourly CO concentrations (not shown here) reveal that there is a north-eastward transport of CO from the local sources in 295 the PBL further inland with the southerly monsoon flow Deroubaix et al., 2018) .
However, Flamant et al. (2018a) also showed that parts of the urban pollution re-circulate to the near coastal waters after being mixed into the midlevel easterly or sometimes northeasterly flow. Significantly lower but still considerable CO concentrations are simulated in the marine PBL over the entire eastern tropical Atlantic including the Gulf of Guinea. There is a local enhancement next to the coast stretching from Cameroon to Ivory 300 Coast. At this height level CO is transported with the south-westerly monsoon winds from the ocean toward SWA coastal cities (see Fig. 2 ). Compared to the monthly mean concentration of CO (Fig. 4) , 02 July was characterized by elevated pollution levels, especially over Nigeria. transport of CO into the boundary layer (Zuidema et al., 2016) . However, the mechanism is still not clear and
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we will investigate in the following to what extent oceanic convective clouds support the downward mixing.
To test our hypothesis of the role of cloud venting, vertical distributions of CO concentrations and cloud liquid water content from model output are considered (Fig. 8) . Figures 8a and b show simulated zonal cross sections of CO over the Gulf of Guinea at 4°N (i.e. close to the coastal cities of SWA ) over D2 on 02 July 2016 at 12 UTC and 18 UTC, respectively. There is a clear band of high CO concentrations of up to 400 ppbv, mostly 320 between 1 and 3.5km over D2, which is the signature of the long-range biomass burning plumes transport from Central Africa (Mari et al, 2008; Zuidema et al, 2016) , possibly affected by larger-scale subsidence. 
(c) Meridional vertical cross-section at 12 UTC at 6.1°W and (d) corresponding cloud liquid water content, both for domain D2. (e) and (f) As (c) but for 4°W and 1°E, respectively. (g) and (h) Meridional vertical cross-
sections over D1 at 0°E and 10°E, respectively. The height levels shown in Fig. 7 
are marked by dashed lines in all panels. The arrows in (g) and (h) mark the coast line.
The belt of high CO concentration is simulated along all longitudes of the domain but is more visible between
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10°W to 0° (upwind of Cote d'Ivoire and Ghana) than between 0° E to 5°E. This corroborates the observations that the biomass burning plume is mainly advected in westerly direction (Adebiyi and Zuidema, 2016) . In addition at the height of biomass burning plume, clear patterns with high horizontal concentration gradients are simulated at heights varying from around 1 km up to 4 km. These structures are more pronounced at 18 UTC (Fig. 8b) . They are related to convective clouds simulated and observed ( For comparison we also analyze meridional cross sections of CO corresponding to Fig. 8c but at 4°W and 1°E over domain D2. At 4°W (Fig. 8e) there is much less evidence of convective mixing than at 6.1°W and 345 concentrations in the PBL are reduced. There is, however, a slight increase northwards that may come from turbulent mixing or advection into the section. In contrast to that, the cross-section at 1°E (Fig. 8f) shows a much weaker biomass burning plume in agreement with Fig. 7b . This appears to be the result of the bulk of the plume travelling westward over the ocean before turning northward into SWA. Also here, there are indications of a slow decent of the lower boundary of the plume that may come from subsidence or turbulent mixing.
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Finally it is also interesting to place the mixing near SWA into the larger regional context. Meridional cross sections along 0° and 10°E but reaching from 10°S to 20°N illustrate the full complexity of the plume evolution.
At 0°E (Fig. 8g) there is a distinct biomass burning plume centered at 5°S with some indications of northward transport around 1000m AGL and individual mixing events. North of the coast (arrows in Figs. 8g and h ) there is a complicated vertical structure with local near-surface emissions, overhead advection, and vertical mixing to 355 various degrees, particular during the daytime shown here. Farther to the east at 10°E (Fig. 8h ) the situation bears some similarities but the local emissions from Nigeria appear to play a larger role over land.
Artificial tracer experiments
In order to quantify the downward mixing of the biomass burning plume into the PBL by cloud venting over the
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Gulf of Guinea we carried out idealized numerical experiments. For the simulations initialized at 02 July 2016 at 00 UTC initial profiles of the tracer were prescribed within the domains D1 and D2. Directly at the lateral boundaries the tracer concentrations were set to zero and kept constant during the time integration. This was done to assess the horizontal transport of the tracer. The idealized tracer has a concentration of 1 ppmv between 2 and 4 km and is zero elsewhere. Chemical reactions as well as dry deposition are neglected. With this 365 configuration the standard simulation is repeated for each case. This procedure allows to quantify the percentage of mass being mixed into the boundary layer by cloud venting that was originally located between 2 and 4 km above ground. The simulations were carried out for two days. Figure 9 shows the percentage of mass located between 2 and 4 km, below 1 km, and the sum of the two. All values are averaged between 9°W and 1°E.
Over land, i.e. between 5 and 10°N, (Fig. 9d ) the vertical exchange reaches 2 km in the late morning hours. The 370 mixing process stops when the convective boundary layer breaks down and then continues again the next morning. Tracer mass is lost due to advection out of the domain by the AEJ as shown by the declining red line.
Over the ocean at 5° and 0°S (Figs. 9a and b) , where mostly shallow cumuli are present, the concentration in the layer between 2 and 4 km stays almost constant. The increase of the concentration in the layer below 1 km is mostly due to horizontal transport, either from CO that is mixed into the PBL farther south or over Central
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Afrika itself before a westward transport. This leads to a net increase in the sum of the two layers reaching above 100% at the end of the two period considered in Fig. 9 .
Over the Gulf of Guinea between 4 and 4.7°N there is a clear decrease of CO in the layer between 2 and 4 km and an increase of mass below 1 km. As the temperature of the sea surface stays constant over the course of the day and the boundary layer usually stays rather shallow, this increase is due to downward mixing due to 390 Figure 10 shows results for the model domain D2 and for the areas A-D indicated in Fig. 5 . In this configuration, the marked decrease of the tracer concentration in the layer between 2 and 4 km above surface is partly due to the vertical mixing induced by convective clouds and partly due to the advection of low concentrations from the lateral boundary. The latter is indicated by a consistently faster depletion from east to 395 west, i.e. from D to A. The former is evident from marked individual mixing events, leading to bumps in the below 1km layer. This is a strong indication that cloud venting does in fact contribute to mixing biomass burning aerosol into the PBL.
To investigate this further, Fig. 11 shows the final mixing state in the layer below 1km after two days of integration, i.e. the right-hand-side intercept of the black curves in Fig. 9 but for steps of 1° latitude. Plotted 400 against SSTs for the same longitudinal range, a clear correspondence is evident. Both mixing and SSTs have a marked minimum around 2°S. To the south of this SSTs increase moderately but the CO mass fraction is largely enhanced (>27%), while to the north SSTs are strongly increased but not so much the mass mixing (14-17%).
This is likely a reflection of the much larger CO concentrations aloft in the southern area (see Fig. 7 ). The possibly more effective cloud venting in the north is not able to compensate this effect. 
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and were averaged in the same way as the CO fields.
Summary and conclusions
Recent observational and modelling work has revealed significant concentrations of biomass burning aerosol reaching SWA in the PBL (Brito et al., 2018; Menut et al. 2018; Haslett et al., 2019) . It has been suggested that 415 this plume stems from the extensive fires in Central Africa during the WAM season. Here we investigated potential transport pathways of the aerosol with a particular focus on the role of clouds in vertical mixing over the Gulf of Guinea. This study heavily relied on high-resolution simulations using the COSMO-ART model.
While previous studies discussed subsidence to the west of the African continent to be an important mechanism, here and to the best of our knowledge we identify for the first time that cloud venting is one of the processes by 420 which the biomass burning plume from midlevel tropospheric layers is mixed into the PBL over the Gulf of Guinea.
COSMO-ART enables us to simulate the meteorological fields over SWA and CO distribution. 
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troposphere into the PBL. The meridional cross section of CO reveals that right below 1km, concentration can reach up to 60% of the maximum located at midlevel height due to downward mixing. The vertical transport moves biomass burning aerosol and trace gases from the westward moving main pollution layer at 2-4km, into the monsoon layer from where southerly flow can carry it into SWA and increase local pollution levels there (Haslett et al, 2019) . In addition, an idealized tracer experiment shows that the leakage of biomass burning CO 440 from the 2-4 km layer to below 1 km is on the order of 20% but varies depending on the SST.
This study is largely based on a case study to investigate the cloud venting happening over the Gulf of Guinea.
More investigations of cloud venting are needed through longer simulations to get more robust statistics and through comparison with other models. Moreover, the tracer experiment has been performed for an inert tracer Competing interests. The authors declare that they have no conflict of interest.
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